Ceftriaxone, an FDA-approved third-generation cephalosporin antibiotic, has antimicrobial activity against both gram-positive and gram-negative organisms. Generally, ceftriaxone is used for a variety of infections such as community-acquired pneumonia, meningitis and gonorrhea. Its primary molecular targets are the penicillin-binding proteins. However, other activities of ceftriaxone remain unknown. Herein, we report for the first time that ceftriaxone has antitumor activity in vitro and in vivo. Kinase profiling results predicted that Aurora B might be a potential 'off' target of ceftriaxone. Pull-down assay data confirmed that ceftriaxone could bind with Aurora B in vitro and in A549 cells. Furthermore, ceftriaxone (500 µM) suppressed anchorage-independent cell growth by targeting Aurora B in A549, H520 and H1650 lung cancer cells. Importantly, in vivo xenograft animal model results showed that ceftriaxone effectively suppressed A549 and H520 lung tumor growth by inhibiting Aurora B. These data suggest the anticancer efficacy of ceftriaxone for the treatment of lung cancers through its inhibition of Aurora B.
Introduction
Drug development is a time-consuming and costly process, moving from preclinical screening through to clinical trials while resulting in only a few drugs being proven effective and thereby gaining approval. More than $800 million is the estimated cost with 10-17 years required for developing a drug de novo (1) . Reverse side effects, usually caused by the drug's interaction with secondary or 'off' targets, are the most common reasons for drug development termination, either in clinical trials or even after the drug has entered the market (2) . Predicting 'off' targets for established drugs or harnessing them for novel drug development is referred to as drug repositioning (1) . The supposition of drug repositioning is that these types of drugs are probablyto enter clinical trials more quickly and less expensively. Thus, interest in this strategy has been growing in importance in recent years.
Several pieces of convincing evidence suggest that identifying potential 'off' targets of known drugs not only will help to avoid severe side effects but also support the possibility of optimizing these for new uses (3) . For example, acetophenazine, fluphenazine and periciazine, the phenothiazine derivatives, which were usually used as antipsychotic drugs in the clinic, were further identified as androgen receptor antagonists (4) . Orlistat, an FDA-approved anti-obesity drug, was found to inhibit endothelial cell proliferation and angiogenesis by suppressing several new targets (5) (6) (7) (8) . As a result, this compound, as well as other orlistatlike analogues, has been proposed as a potential anticancer drug (9) .
Ceftriaxone, an FDA-approved third-generation cephalosporin antibiotic, is used primarily to treat community-acquired or mild-tomoderate pneumonia (10) and is also a drug of choice for treatment of bacterial meningitis and gonorrhea (11, 12) . The bactericidal activity of ceftriaxone results from the inhibition of cell wall synthesis and is reportedly mediated through ceftriaxone's binding to penicillinbinding proteins (13) . Recently, Ceftiofur, a new broad-spectrum, third-generation cephalosporin antibiotic for veterinary use, was found to significantly inhibit phosphorylation of extracellular signalregulated kinases (ERKs), p38 and c-jun NH 2 -terminal kinases (JNKs) in RAW264.7 mouse macrophage cells (14) . The mitogen-activated protein kinase (MAPK) signaling pathway plays a key role in the regulation of gene expression, cellular growth and survival. However, abnormal MAPK signaling leads to uncontrolled cell proliferation and resistance to both apoptosis and chemotherapy (15, 16) . This suggested potential antitumor activities of Ceftiofur in cancer therapy. However, the potential anticancer activities of ceftriaxone, which has a structural formula similar to Ceftiofur, have not yet been fully explored.
In the current study, we found that ceftriaxone inhibited anchorageindependent growth of A549, H520 and H1650 lung cancer cells. A549 cells harbor a K-Ras mutation and are a lung adenocarcinoma cell line that exhibits primary resistance to gefitinib or erlotinib. This line has been well characterized and utilized to study a variety of molecular characteristics of human tumors. Based on this information, we chose A549 cells as the major cell model for these studies. The H520 and H1650 were used to confirm that ceftriaxone has a similar effect on other lung cancer cell lines. Ceftriaxone directly bound with Aurora B and suppressed its activity in vitro and in cells. Moreover, an in vivo animal study showed that ceftriaxone inhibited Aurora B activity to suppress tumor growth of A549 and H520 lung cancer cells implanted in nude mice. These data suggest that ceftriaxone has antitumor activities exhibited through the targeting of Aurora B and also provides new indications of ceftriaxone for lung cancer treatment.
Cell culture
Mouse epidermal JB6 P+ cells were cultivated in Eagle's minimum essential medium supplemented with 5% heat-inactivated fetal bovine serum (FBS), 2 mM l-glutamine, 25 µg/ml of gentamicin. H1975, H1650 and H520 cells were cultivated in RPMI-1640/10% FBS. Calu-3 and MRC-5 cells were maintained in Dulbecco's modified Eagle's medium/10% FBS. A549 cells were grown in F-12K medium/10% FBS. All cells used in these studies were purchased from the American Type Culture Collection (Manassas, VA) and maintained with antibiotics at 37°C in a 5% CO 2 humidified incubator.
Kinase profiling. Kinase profiling was conducted by Millipore's KinaseProfiler according to the protocols detailed at http://www.millipore. com/drugdiscovery/dd3/KinaseProfiler. The ceftriaxone concentration for each specific kinase assay was set at 100 µM and adenosine triphosphate (ATP) concentration was set at 10 µM.
Molecular modeling. Computer modeling of ceftriaxone and Aurora B was performed using the crystal structure of Aurora B, which was obtained from the RCSB Protein Data Bank (PDB entry 2VRX (17)). The structure was prepared using the Protein Preparation Wizard in Maestro v9.2. Hydrogen atoms were added consistently with a pH of 7 and all water molecules were removed. Then the structure was minimized with an RMSD cutoff value of 0.3 Å. The 3D structure of ceftriaxone was drawn and optimized in Maestro v9.2, whereas the chemical structure of ceftriaxone was prepared using the program LigPrep v2.5 and then assigned AMSOL partial atom charge. Ligand docking was accomplished using the program Glide v5.7 (18) . The receptor grid was created with the centroid of the crystal ligand as the center of the grid. Flexible docking was performed with extra precision mode. The number of poses per ligand was set to 10 in postdocking minimization and at most 5 poses would be output. The other parameters were kept as default.
Western blot analysis Cellular proteins were extracted using Radioimmunoprecipitation (RIPA) lysis buffer (50 mM Tris-Cl pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.25% SOD, 0.1% sodium dodecyl sulfate, 1 mM ethylenediaminetetraacetic acid (EDTA) and protease-inhibitor cocktail). Proteins were then separated bysodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Ceftriaxone suppresses lung cancer by inhibiting Aurora B kinase transfer onto polyvinylidene di-fluoride membranes (Amersham Pharmacia Biotech). The membranes were incubated with the appropriate specific primary antibody and a horseradish peroxidase-conjugated secondary antibody. Protein bands were visualized using an enhanced chemiluminescence reagent (Amersham Biosciences Corp.).
In vitro kinase assay A histone H3 protein was reacted with active Aurora B in the presence of different concentrations of ceftriaxone, 100 µM ATP and ×1 kinase buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol, 0.01% Brij 35; Cell Signaling Technology). The reactions were carried out at 30°C for 30 min and stopped by adding ×6 SDS sample buffer. The proteins were boiled and then resolved by SDS-PAGE. Total histone H3 and phosphorylated histone H3 were detected by Western blot analysis using specific antibodies.
Cytotoxicity and anchorage-independent growth assay
For the cytotoxicity assay, JB6 P+ cells were seeded (2 × 10 4 per well) into 96-well plates. After incubation for 24 h, cells were treated with different concentrations of ceftriaxone and incubated for another 24 or 48 h. CellTiter96 Aqueous One Solution (20 µl; Promega) was then added and cells were incubated for an additional 1 h at 37°C in a 5% CO 2 incubator. Absorbance was read at an optical density of 492 nm. For the anchorage-independent growth assay, cells (8 × 10 3 per well) were suspended in 1 ml basal medium eagle/10% FBS/0.33% agar with different concentrations of ceftriaxone and plated on a layer of solidified basal medium eagle/10% FBS/0.5% agar with the same concentration of ceftriaxone as the bottom agar. The cultures were maintained at 37°C in a 5% CO 2 incubator for 1 to 2 weeks, and colonies were counted under a microscope using the Image-Pro Plus software (v. 4) program (Media Cybernetics). All experiments were repeated three times.
In vitro ATP competitive binding assay and ex vivo pull-down assay
For the in vitro ATP competitive binding assay, a recombinant human Aurora B protein (200 ng) was first incubated with different concentrations of ATP (10 or 100 µM) for 1 h at 4°C and then incubated with ceftriaxone-conjugated Sepharose 4B (or Sepharose 4B only as a control) beads (50 µl, 50% slurry) in a ×1 reaction buffer (50 mMTris pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM dithiothreitol, 0.01% NP40, 2µg/ml bovine serum albumin and 0.02 mM phenylmethylsulfonyl fluoride, protease inhibitor cocktail). For the ex vivo pull-down assay, A549 cell lysates (500µg) were incubated with ceftriaxoneconjugated Sepharose 4B (or Sepharose 4B only as a control) beads (50µl, 50% slurry) in a ×1 reaction buffer. After incubation with gentle rocking overnight at 4°C, the beads were washed five times with ×1 wash buffer (50 mM Tris pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM dithiothreitol, 0.01% NP40, 0.02 mM phenylmethylsulfonyl fluoride), and proteins bound to the beads were boiled and resolved by 10% SDS-PAGE followed by western blot analysis.
In vivo xenograft mouse model
Athymic nude mice (Cr:NIH(S), NIH Swiss nude, 6-9 weeks old) were purchased from Charles River. Animals were maintained under 'specific pathogen-free' conditions according to guidelines established by Research Animal Resources, University of Minnesota. Mice were randomly divided into three groups: (i) vehicle group (n = 8); (ii) 100 mg/kg ceftriaxone-treated group (n = 8); (iii) no cells-injected group (n = 8) treated with 100 mg/kg ceftriaxone. Group 3 was maintained as a negative control to observe any possible side effects of ceftriaxone. The experiment was repeated with A549 and H520 lung cancer cells, respectively. A549 or H520 cells were inoculated subcutaneously (2 × 10 6 cells) into the left flank of each mouse in the first two groups. Treatment was started when the tumors reached a mean tumor volume of 100 mm 3 . For the ceftriaxone group, 2.5 mg ceftriaxone, formulated in 500µl physiological saline, was administered to each mouse three times per week by intraperitoneal (i.p.) injection. For the vehicle group, 500 µl physiological saline was administered to each mouse three times per week by i.p. injection. The duration of the animal study was 57 days for A549 cells and 32 days for H520 cells. Tumor volume was calculated from measurements of 3 diameters of the individual tumor based on the following formula: tumor volume (mm 3 ) = (length × width × height × 0.52). Mice were monitored until tumors reached 1 cm 3 total volume, at which time mice were euthanized and tumors were extracted. All studies were performed according to guidelines approved by the University of Minnesota Institutional Animal Care and Use Committee.
Immunohistochemistry analysis
Tumor tissues from the mice (vehicle-and 100 mg/kg ceftriaxone-treated groups) were prepared for immunohistochemistry analysis of phosphorylated histone H3. Sections (5 µm) from 10% neutral formalin solution-fixed paraffin-embedded tissue were cut on silane-coated glass slides and then deparaffinized with xylene and dehydrated through a graded alcohol bath. The slides were incubated with 1:100 dilution of an antirabbit antibody in 10% normal goat serum at 4°C overnight to detect phosphorylated histone H3. Normal goat serum was used as a negative control. After washing three times with PBS for 5 min, slides were incubated with a 1:200 dilution of a biotinylated antirabbit antibody for 1 h in the dark. The slides were developed in diaminobenzidine and counterstained with a weak solution of hematoxylin stain. Images were captured and analyzed using the Image Pro-plus software (v. 4) program.
Statistical analysis
All quantitative data are presented as mean values ± standard deviation or standard error as indicated. Statistically significant differences were determined using the Student's t-test or one-way analysis of variance. A P value of less than 0.05 was considered statistically significant.
Results

Ceftriaxone inhibits EGF-induced anchorage-independent growth of JB6 P+ cells
In clinical use, 2 g of ceftriaxone produces an average peak concentration in serum of 262 µg /ml (19) , which is equal to 396 µM. The chemical structure of ceftriaxone is shown in Figure 1A . To determine the cytotoxicity of ceftriaxone, different concentrations of the drug were used to treat JB6 P+ mouse epidermal cells (JB6 P+ cells) for 24 or 48 h. Cytotoxicity was measured by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay and the results indicated that ceftriaxone had no cytotoxicity toward JB6 P+ cells up to 2000 µM at either 24 or 48 h ( Figure 1B) . Next, we investigated whether ceftriaxone had an effect on anchorage-independent growth of JB6 P+ cells. Anchorage-independent growth ability is a hallmark of in vitro transformed cells and cancer cells (20, 21) . Our results revealed that JB6 P+ cells treated with ceftriaxone formed fewer colonies compared with control cells treated with only epidermal growth factor (EGF) ( Figure 1C ). The magnification of representative photographs for the anchorage-independent growth assay is 25X. U0126, a wellknown MEK (Mitogen activated protein kinase kinase) inhibitor (22) , was used as a positive control. These results showed that ceftriaxone could attenuate EGF-induced anchorage-independent cell growth and was not cytotoxic at clinically relevant doses.
Kinase profiling identifies Aurora B as a potential target of ceftriaxone
Based on the previous data, the next step was to identify the potential cellular targets of ceftriaxone. In the EGF-induced signaling pathway, several molecules downstream of the epidermal growth factor receptor (EGFR) are activated by EGF, including the Ras/Raf/MEK and the phosphoinositide 3-kinase (PI3-K), Akt and mammalian target of rapamycin (mTOR) signaling pathways (23) . To determine potential targets of ceftriaxone, 50 candidate kinases were selected from different kinase families. Kinase assays were conducted by Millipore's KinaseProfiler according to their established protocols. Scores (Table I ) represent the percent of control, which was derived from the following formula: % of control = [(sample − mean no enzyme)/(mean plus enzyme − mean no enzyme)] × 100. This means that ceftriaxone would enhance kinase activity if the score was higher than 100, whereas if the score was lower than 100, the activity would be suppressed. The results revealed ( Table I) that Aurora B was the most relevant potential target of ceftriaxone compared with the other kinases tested. Accumulating evidence supports a critical role for Aurora B in cancer development, and therefore targeting Aurora B is regarded as a useful strategy in chemoprevention and cancer therapy (24) . Our data suggested that ceftriaxone could inhibit Aurora B activity and Aurora B was a more potent target of ceftriaxone than other kinases.
Ceftriaxone specifically binds with Aurora B in vitro and ex vivo
After identifying the potential target of ceftriaxone, the next question was whether Aurora B could bind with ceftriaxone. To confirm this prediction, we constructed a computer docking model with Aurora B and ceftriaxone. Our results showed that ceftriaxone bound with Aurora B and fit into the ATP-binding site very well (Figure 2A) . In the docked model of ceftriaxone and Aurora B (Figure 2B ), ceftriaxone forms hydrogen bonds with ALA173 and LYS101 and maintains van der Waals contacts with the side chain of PHE172. To further validate this prediction, we performed an in vitro ATP competitive binding assay using ceftriaxone-conjugated Sepharose 4B beads.
Results revealed that recombinant Aurora B was able to bind with ceftriaxone-conjugated Sepharose 4B beads and the binding affinity was decreased as ATP concentration was increased, which meant ceftriaxone could bind with Aurora B in an ATP competitive manner ( Figure 2C ). We also confirmed the ex vivo binding of ceftriaxone with endogenous Aurora B in A549 cells ( Figure 2D ). These results indicated that ceftriaxone could bind with Aurora B in vitro and in A549 cells, which clearly supports our hypothesis that Aurora B is an 'off' target of ceftriaxone. 
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Ceftriaxone suppresses Aurora B activity in vitro and in cells
Based on our previous data showing that ceftriaxone directly binds with Aurora B, we performed an in vitro kinase assay with histone H3 as substrate to further confirm that ceftriaxone inhibits Aurora B activity. The results showed that phosphorylation of histone H3 (Ser10) was substantially attenuated after treatment with 10 µM ceftriaxone ( Figure 3A) . Reversine, a novel Aurora B inhibitor, was used as a positive control (25) . In addition, we examined whether ceftriaxone could suppress Aurora B activity in JB6 P+ cells. Data indicated that phosphorylation of histone H3 (Ser10) was decreased by treatment with ceftriaxone in a dose-dependent manner ( Figure 3B ). In contrast, phosphorylation of histone H3 (Ser10) was increased slightly and phosphorylation of ERKs and JNKs showed no obvious change. To investigate whether the effects of ceftriaxone are mediated directly through Aurora B, we compared the effects of JB6 P+ cells transfected with an sh-mock or sh-Aurora B plasmid ( Figure 3C ). Ceftriaxone suppressed anchorageindependent growth in sh-mock cells but had less effect in sh-Aurora B cells ( Figure 3D ). Previous studies showed that phosphorylation of histone H3 (Ser10) is an essential regulatory mechanism for EGF-induced neoplastic cell transformation (26) . Based on this finding, our results suggested that ceftriaxone suppresses anchorage-independent growth by inhibiting phosphorylation of histone H3 (Ser10).
Aurora B is highly expressed in lung cancer cell lines and ceftriaxone inhibits anchorage-independent growth of lung cancer cells
A large number of studies revealed that Aurora B is highly expressed in several human cancers including ovarian, colon and prostate (27) (28) (29) . To determine whether Aurora B is highly expressed in human lung cancer cells, expression was compared in several human lung cancer cell lines and normal lung cells. The results revealed that 
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compared with normal lung cells, Aurora B expression was higher in five different lung cancer cell lines ( Figure 4A ), which suggested that Aurora B might be associated with tumorigenesis and development of lung cancer. Next, we determined whether ceftriaxone could affect anchorage-independent growth of lung cancer cells. Cells were maintained with different concentrations of ceftriaxone and colony numbers were counted after culturing for 7-14 days. The results showed that A549, H520 or H1650 cells treated with ceftriaxone had a significant reduction in colony formation compared with untreated control cells ( Figure 4B-D) . The magnification of representative photographs for the anchorage-independent growth assay is 25X.
Aurora B is required for the inhibitory effects of ceftriaxone
In addition, to examine the mechanism explaining the inhibitory effect of ceftriaxone on anchorage-independent cell growth, western blot analysis was used to evaluate different molecular targets. As expected, phosphorylation of histone H3 (Ser10) was inhibited in a dose-dependent manner ( Figure 5A ), which suggested that ceftriaxone attenuated anchorage-independent growth of A549 cells by suppressing Aurora B activity. To investigate whether the effects of ceftriaxone are mediated directly through Aurora B, we compared the effects of A549 cells transfected with an sh-mock or sh-Aurora B plasmid ( Figure 5B ). Ceftriaxone suppressed anchorage-independent growth in sh-mock cells but had less effect in sh-Aurora B cells ( Figure 5C ). These results suggest that Aurora B is a direct target for ceftriaxone to suppress lung cancer cell growth.
Ceftriaxone suppresses tumor growth by inhibiting Aurora B activity in vivo
Based on our previous data, the next step was to determine whether ceftriaxone could suppress tumor growth in vivo. After injecting A549 or H520 cells into nude mice, the first measurable tumors were observed on day 12 or 14, respectively, and then mice were divided into two matched groups. Vehicle or ceftriaxone treatment was started when the tumors reached a mean tumor volume of 100 mm 3 . Results indicated that the tumors treated with100 mg/ kg ceftriaxone grew significantly more slowly and the sizes of the tumors were smaller compared with the vehicle group ( Figure 6A,   Fig. 4 . Aurora B is highly expressed in lung cancer cell lines and ceftriaxone inhibits their anchorage-independent growth. (A) Aurora B expression levels are higher in lung cancer cell lines compared with normal lung cells. Aurora B expression level was confirmed by western blot analysis using an antibody against Aurora B. α-Tubulin was used as a loading control. Data are representative of results from triplicate experiments. (B) Ceftriaxone inhibits anchorage-independent growth of A549 cells. Cells were cultured with different concentrations of ceftriaxone for 10 days and then colonies were counted. Data are shown as mean ± standard deviation from triplicate experiments. The asterisk (*) indicates a significant (P < 0.05) decrease in colony formation with ceftriaxone compared with the untreated control group. Reversine was used as a positive control. Ceftriaxone also inhibits anchorage-independent growth of H520 (C) and H1650 (D) cells. Cells were cultured with different concentrations of ceftriaxone for 7 days (H520) or 14 days (H1650) and then colonies were counted. The magnification of representative photographs for the anchorage-independent growth assay is 25X. Data are shown as mean ± standard deviation from triplicate experiments. The asterisk (*) indicates a significant (P < 0.05) decrease in colony formation with ceftriaxone compared with the untreated control group. Reversine was used as a positive control.
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Supplementary Figure 1A and B, available at Carcinogenesis Online). On day 56, the average tumor volume per mouse treated with 100 mg/kg ceftriaxone was 116 mm 3 compared with 360 mm 3 in the vehicle group ( Figure 6A ). Similar differences were observed for H520 tumors-on day 32, the average tumor volume per mouse treated with 50 mg/kg ceftriaxone was 130 mm 3 compared with 370 mm 3 in the vehicle group (Supplementary Figure 1B , available at Carcinogenesis Online). The average body weights of each group were similar throughout the study ( Figure 6B , Supplementary Figure 1C , available at Carcinogenesis Online), which indicated that the dose of ceftriaxone used for the experiment had no toxicity to the mice. To further determine whether the antitumor effect of ceftriaxone was associated with its inhibition of Aurora B activity, tumor extracts from each group were prepared and analyzed for phosphorylation of histone H3. Immunohistochemistry analysis results showed that expression of phosphorylated histone H3 was substantially decreased in the ceftriaxone-treated group compared with the vehicle group ( Figure 6C ). The magnification of representative photographs for the immunohistochemistry staining is ×100. Overall, our results indicated that ceftriaxone suppresses tumor growth by inhibiting Aurora B activity in vivo.
Discussion
Lung cancer is the most common cause of cancer-related death in men and women worldwide, with an estimated 222, 520 new diagnoses and 157, 300 deaths in the United States in 2010 (30) . The most common symptoms are shortness of breath, coughing (including coughing up blood) and weight loss (31) . Several treatment options are available for lung cancer including radiation therapy, chemotherapy, surgery and targeted drug therapy. Some of the treatments, such as chemotherapy, weaken the immune system and make the body more prone to infection (32) . Ceftriaxone, an FDA-approved third-generation cephalosporin antibiotic, which was used primarily for treatment of pneumonia, herein is reported to exert antitumor activities. Our data clearly show a role of ceftriaxone as a chemotherapeutic agent for lung carcinoma and strongly suggest that Aurora B as a potential therapeutic 'off' target of this drug.
Aurora kinases, a collection of highly related serine/threonine kinases, are comprised of Aurora A, B and C and are key regulators of mitosis performing vital functions in chromosome alignment, segregation and cytokinesis (33) . As a member of Aurora kinase family, Aurora B is a chromosomal passenger protein critical for accurate chromosomal segregation, cytokinesis and regulation of the mitotic checkpoint (34) . According to the literature, Aurora kinases have been shown to play important roles in regulating cell division. Inhibition of Aurora B kinase resulted in cell-cycle arrest or even cell death (35) . Azzariti et al. (36) reported that AZD1152, a specific Aurora B inhibitor, suppressed chromosome alignment and segregation in both colon and pancreatic cancer cell lines, resulting in increased chromosome number and cellular apoptosis. Recently, Lee et al. found that reversine, a well-known Aurora B inhibitor, suppressed oral squamous cell growth by interfering with the progression of the cell cycle (37) . To determine whether ceftriaxone has a similar effect in A549 cells, different concentrations of ceftriaxone were used to treat A549 cells for 12 h, and changes in cell-cycle distribution were examined. Consistent with the report by Lee et al., our data show that the percentage of G2/M cells slightly increased after treatment with high doses (500 µM) of ceftriaxone, which suggests that ceftriaxone induces G2/M arrest of A549 cells (Supplementary Figure 2) , available at Carcinogenesis Online). Previous studies showed that Aurora B directly phosphorylates histone H3 not only at Ser10 but also at Ser28, resulting in mitotic chromosome condensation (38) . However, accumulating evidence indicates that Aurora B is highly expressed in several malignancies. Progressive increases in the nuclear expression of Aurora B is observed in prostate cancers with increasing Gleason grades compared with normal prostate (39) . Inappropriate phosphorylation of histone H3 in the entire cell cycle enhances proliferation of liver Ceftriaxone has no effect on the body weight of mice. The body weight of each mouse was measured and recorded once a week. Data are shown as mean ± satndard error. (C) Ceftriaxone inhibits expression of phosphorylated histone H3 in vivo. Immunohistochemistry analysis was used to determine the level of phosphorylated histone H3 in tumor tissues. Top, representative photos from each group; phosphorylated histone H3 is indicated by arrows. Bottom, percentage of phosphorylated histone H3 expression with ceftriaxone treatment compared with the vehicle group. The magnification of representative photos for the immunohistochemistry staining is ×100. Data are shown as mean ± standard deviation from triplicate experiments. The asterisks (**) indicate a significant (P < 0.01) decrease in phosphorylated histone H3 expression in the100 mg/kg ceftriaxone-treated group compared with the vehicle-treated group. The duration of this animal study was 57 days. It was terminated when most untreated tumors reached 1 cubic centimeter per University of Minnesota IACUC guidelines.
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cancer cells (40) , which suggested aberrant expression of Aurora B might be involved in hepatocarcinogenesis. Previous studies provided immunohistochemical evidence showing that Aurora B is overexpressed in lung cancer tissues compared with normal adjacent tissues (41) . Consistent with this report, our results also showed that Aurora B expression is higher in several lung cancer cell lines, including A549, Calu-3 and H520 cells, compared with MRC-5 normal lung cells ( Figure 4A ). Moreover, inhibiting Aurora B by ceftriaxone suppressed anchorage-independent growth of A549, H520 and H1650 cells (Figure 4B-D) . These results suggest Aurora B might play a significant role in lung cancer cell growth.
Aurora B is only expressed during mitosis and most normal cells in the human body do not proliferate rapidly. Thus, a number of Aurora B inhibitors, including JNJ-7706621, Hesperadin and PHA-739358 (34, 42, 43) , were selected because they could have a broader therapeutic effect than non-specific cytotoxic agents. A number of Aurora B inhibitors have demonstrated antitumor activity and some, such as AZD 1152, have subsequently entered clinical trials. However, neutropenia was observed in a Phase I trial (44) , suggesting that this agent had antiproliferation toxicity on the bone marrow. Therefore, finding Aurora B inhibitors, which are highly effective in suppressing Aurora B activity with low toxicity, is urgent and beneficial. Here we found that ceftriaxone, an FDA-approved cephalosporin antibiotic, specifically bound with Aurora B (Figure 2A-D) and suppressed its activity ( Figure 3A and 3B) in vitro and in cells. Moreover, knockdown Aurora B decreases the inhibitory effects of ceftriaxone in anchoragedependent growth of JB6 P+ ( Figure 3D ) and A549 ( Figure 5D ) cells. Importantly, an in vivo xenograft animal model showed that ceftriaxone suppressed A549 and H520 lung cancer tumor growth by inhibiting Aurora B activity ( Figure 6, Supplementary Figure 1 , available at Carcinogenesis Online). These results suggest that Aurora B is a secondary or 'off' target protein of ceftriaxone, which suppresses lung carcinoma progression.
In conclusion, we showed that Aurora B is highly expressed in lung cancer cell lines. Moreover, we provided evidence showing that ceftriaxone effectively suppresses anchorage-independent cell growth of lung cancer cells and in vivo tumor growth of A549 cells by inhibiting Aurora B activity. Overall, our findings support the anticancer efficacy of ceftriaxone through its targeting of Aurora B for the treatment of lung carcinomas. Supplementary Figures 1 and 2 can be found at http://carcin. oxfordjournals.org/.
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